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Nulear spin qubits in a pseudo-spin quantum hain
E. Novais and A. H. Castro Neto
Department of Physis, Boston University, 590 Commonwealth Ave., Boston, MA, 02215
(Dated: June 24, 2018)
We analyze a quantum omputer (QC) design based on nulear spin qubits in a quasi-one-
dimensional (1D) hain of non-Kramers doublet atoms. We explore the use of spatial symmetry
breaking to obtain ontrol over the loal dynamis of a qubit. We also study the deoherene meh-
anisms at the single qubit level and the interations mediated by the magneti media. The design
an be realized in PrBr
3−xFx with nulear magneti resonane (NMR) tehniques.
PACS numbers: 03.67.Lx, 33.25.+k, 75.10.Pq
I. INTRODUCTION
Nulear magneti resonane is the framework of a very
promising quantum omputing arhiteture [1℄. NMR is
a natural hoie beause nulei are proteted from many
soures of deoherene, and therefore produe robust
qubits. Suessful realizations of quantum algorithms
implemented on a NMR quantum omputer have been
realized in liquid solutions of moleules [2, 3℄. Never-
theless, a liquid NMR QC is not easily salable, that is,
there is a pratial limit in the number of qubits that an
be onstruted in a moleule. From a handful of qubits
already ahieved one must sale the QC to several thou-
sands before a non-trivial algorithm an be run [2, 3℄.
Though other limitations an also be argued to the use
of NMR [4℄, salability is an undeniable problem.
A possible route to deal with the salability problem is
to onsider NMR in rystals [5℄. There are several dier-
ent proposed designs, but all of them share two ommon
elements. Firstly, a gradient magneti eld is used to
shift the nulear resonane frequenies of dierent nulei,
allowing qubits to be addressed independently. Seondly,
as the number of qubits inreases, a seond deoherene
hannel is introdued by the low energy exitations of
the interating qubits. In any rystal, the diret dipolar
interation between nulei produes seular broadening.
To a ertain extent this broadening an be redued by
NMR tehniques. Thus, it is usually assumed that a per-
fet seletive deoupling of the qubits from the dipolar
interation an be ahieved.
Although very promising, there are tehnial problems
with the use of NMR in rystals. For example, in the
proposed materials CaF
2
and MnF
2
, qubits are the nu-
lear spin 1/2 of the F ions [5℄. To obtain a measurable
frequeny shift from one qubit to another a homogeneous
gradient eld of more than 1T/µm is required. The obvi-
ous solution is to separate qubits from eah other. How-
ever, by distaning the qubits to work with an experimen-
tally feasible value of the eld gradient, another problem
is reated by weakening the qubit-qubit interations.
Interating qubits are a neessary ondition for quan-
tum omputation. A quantum algorithm is a sequene
of unitary transformations in the Hilbert spae spanned
by all the qubits. A given transformation in a subspae
of n qubits is alled a n-qubit gate. A quantum omput-
ing sheme must provide a omplete set of suh quantum
gates, in other words, it must be possible to onstrut any
unitary transformation with a sequene of building blok
operations provided by the design. One of the most use-
ful results in quantum information theory is that from all
one-qubit gates and almost any two-qubit gate is possi-
ble to nd a omplete set of gates [6℄. In a NMR QC, the
one-qubit gates are easily produed. The two-qubit gate
is the time evolution of two qubits under an interation.
The viability of a solid state NMR QC relies on inter-
ations available to onstrut the two-qubit gate and the
orrespondent deoherene times. On the one hand, in
CaF
2
, the only available interation is the diret dipolar
oupling between nulear moments. In most ases this
interation is eetively short ranged for quantum om-
putational purposes. The small nulear moments and
the 1/r3 dependene makes the operation time of a gate
(omposed by two qubits far apart) muh larger than
the deoherene times. On the other hand, in MnF
2
,
the relevant interation is the Suhl-Nakamura oupling
[7℄. This is an indiret oupling of nulear spins medi-
ated by magnons of the Mn eletroni spins. Below its
Néel temperature the magnon spetrum has a gap. At
the same time that a gap redues deoherene, it implies
that the interation strength has an exponential deay
with the distane. Thus, it is unlikely that a onsider-
able separation between qubits an be obtained in both
ases. The searh for long range interations has mo-
tivated several reent publiations [8, 9℄. Unfortunately,
long range interations are tied to low energy modes and,
onsequently, short deoherene times.
In this paper, we disuss nulear-nulear interations
mediated by an anisotropi quantum pseudo-spin hain.
We analyze how the breaking of spatial symmetries in a
system of non-Kramers ions an be used to gain ontrol
over loal properties of a QC. We show that one an re-
due deoherene and/or onstrut dierent two-qubit
gates as a funtion of external eletromagneti elds.
Although our ideas are general, we propose a spei
realization in the ompounds PrCl
3-x
F
x
and PrBr
3-x
F
x
.
Both materials are equally suitable to our disussion, but
we use the parameters of the latter in our estimates. We
start by summarizing the properties of the parent om-
pound, x=0. Subsequently, we disuss the hemial dop-
2ing with F. Finally, we explore the use of the nulear spin
from the F ions as qubits.
II. THE PHYSICS OF PrBr3 AND THE
CONSTRUCTION OF QUBITS
PrBr
3
is a 1D ioni insulator made out of Pr hains
separated by 5Å. The Pr ions are subjeted to a rystal
eld with C3h symmetry. Their ground state is a non-
Kramers doublet that is separated from the rst exited
state by a gap of 17K [10℄. A Jahn-Teller transition takes
plae at 0.1K [11℄, it lifts the doublet degeneray, and
sets a low temperature limit to the appliability of this
material to our design. A onvenient way to model this
system is via a pseudo-spin 1/2 representation [12℄. We
fous on the physis of two adjaent hains and we label
the pseudo-spins of eah of these hains as τz and σz (see
Fig. 1). The single ion Hamiltonian at site i is written as
H
ion
=
∑
i
ℏγzsBzS
z
i + g
x
sExS
x
i + g
y
sEyS
y
i ,
where
−→
S = {−→σ ,−→τ }, γzs = 1.4×1011T-1s-1, ~B is an exter-
nal magneti eld and
~E an applied eletri eld [10℄. We
are unaware of published values for the eletri dipolar
onstants in PrBr
3
, however they should not be very dif-
ferent from the ones in PrCl
3
where gx,ys = 4.0×10−31Cm
[13℄. It is important to stress that there is no o-diagonal
matrix element that ouples the doublet state to the mag-
neti eld. Therefore, a magneti eld annot indue
transitions between the doublet states. The ioni mag-
neti moments are oupled by a dipolar term, however
the most relevant ontribution to the interation Hamil-
tonian omes from transitions due to the transverse ele-
tri dipoles that are strongly oupled to the lattie. Al-
though the only real magneti moment is oriented along
the hain (z diretion), this family of ompounds is re-
garded as XY hains desribed by the Hamiltonian
H
xy
= J⊥
∑
i
Sxi S
x
i+1 + S
y
i S
y
i+1, (1)
where J⊥ ≅ 3K [14℄.
In order to onstrut a qubit, we propose the use of
the nulear spins of F ions in the diluted salt PrBr
3-xFx.
There are two main omponents to nulear deoherene,
onneted with the two strongest interations that a nu-
leus is subjeted to: the eletri quadrupolar and the
magneti dipolar [15℄. We are ultimately interested in the
deoherene hannels in a F nuleus in PrBr
3-x
F
x
. Nu-
lear quadrupole resonane experiments have measured
T1,2 for the Br nulei in the parent ompound. They es-
tablished fairly well that the spin-lattie relaxation time,
T1, is due to magneti interations [14, 16℄, and it is of
order of 100ms at 1K. Moreover, the nulear spin-spin de-
oherene time, T2, was found to be ≅ 40µs at 1K. The
deoherene soures that lead to this value for T2 are not
yet well understood [11℄. If we use the Van Vlek formula
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1
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Figure 1: Two adjaent hains in PrBr3−xFx.
[15℄ to estimate the seular broadening of resonane lines,
we nd that the diret dipolar interation among the nu-
lei leads to a broadening of the order of 102µs. Further
onsidering the quadrupolar eets it is lear that the
diret dipolar interation gives a sizable ontribution to
deoherene. Thus, as usual in solid state NMR designs,
we an onlude that deoupling is very important in or-
der to make this family of ompounds useful to a QC.
Eah F introdues a loal lattie distortion, hene low-
ering the rystal eld symmetry at neighboring Pr ions.
The distortion introdued by the F ion has its strongest
eet on the Pr ions labeled 2, 4, 5 in Fig. (1). In the
pseudo-spin representation, a loal symmetry breaking
orresponds to the addition of transverse elds, ∆¯ and ∆,
on eah one of these sites. Moreover, the Pr(4,5) no longer
have a plane of inversion perpendiular to the hain axis.
Thus, these ions an develop eletri dipoles perpendi-
ular to that plane. The Hamiltonian for the pseudo-spin
hains an be written as
H
Pr
= H
ion
+H
xy +∆σ
x
0 + ∆¯ (τ
x
0 + τ
x
1 )
+ gzsEz (τ
z
0 − τz1 ) . (2)
We onsider the ase where
(
∆¯, ∆
) ≪
max (ℏγzsBz, kBT ) < J⊥, otherwise the moments
at Pr(2,4,5) would be ompletely quenhed by the sym-
metry breaking and the analysis below would need to
be extended to inlude next near neighbor interations.
Notie that in Eq. (2) the transverse elds introdue
matrix elements between the two magneti states of
Pr(2,4,5). Thus, an osillating magneti eld parallel
to the hain axis would reveal two distint resonant
lines, ω∆¯ and ω∆, assoiated with the splitting of the Pr
doublet state.
3III. THE QUBIT HAMILTONIAN
The use of F as a qubit has two advantages. There is
no deoherene due to eletri eld gradients beause it
does not have a quadrupolar moment. In addition, there
is only one isotope of F in nature, so all qubits experien-
ing the same magneti eld are idential. By assuming
perfet deoupling, we an disregard the diret dipolar
interation between nulei. This is a muh less stringent
ondition than in other NMR QC shemes beause the
qubit resonane frequeny is very distint from the other
ions. Therefore, straightforward pulse sequenes an be
used to perform the deoupling. The remaining ontri-
bution to the nulear Hamiltonian omes from the mag-
netism of the surrounding Pr atoms. Hene, the nulear
hyperne interation of eah F ion in rst approximation
an be written as
H
F
=
[
ℏγNBz + d
(
σz0 −
τz0 + τ
z
1
2
)
− d˜ (σz−1 + σz1)
]
Iz
+ 3d (τz0 − τz1 ) Ix +
√
2d˜
(
σz
−1 − σz1
)
Iy, (3)
where d = (µ0ℏ
2γzsγN )/(4πr
3
0) ≅ 10
−4
K, d˜ ≈ d/5, γN =
25× 107T-1s-1, and ~I is the nulear spin-1/2 operator of
the F nuleus.
The pseudo-spin physis desribed by Eq. (2) presents
us with a very interesting situation. An applied magneti
eld with frequeny ω∆¯ and/or an eletri eld, E
z
, only
aet the Pr(4,5), and therefore an be used to at loally
in the qubit. For example, a suiently large eletri
eld fores τ0 and τ1 into a singlet onguration, freezing
their dynamis. The net result is deoupling of the F ion
from the τ -hain. In this ase the hyperne Hamiltonian
simplies to
H
F
≅
[
ℏγNBz + dσ
z
0 − d˜
(
σz
−1 + σ
z
1
)]
Iz
+
√
2d˜
(
σz−1 − σz1
)
Iy. (4)
This is a partiularly interesting eet. It anels the
strongest transverse part of Eq. (3), and onsequently,
orresponds to a redution in the dissipation rates T−11,2 .
A. Dissipation rates
In order to estimate the dissipation rates due to the
Pr magneti moments, we will fous on the low en-
ergy physis of Eq. (2). Therefore, we an use Abelian
bosonization[17℄ to obtain simple analytial expressions
for T−11,2 .
Bosonization is a well stablished method to study spin
hains. In a onise way, we rst use the Jordan-Wigner
transformation, mapping the pseudo-spins in spinless
fermions. Then, we linearizing the dispersion relations
around the two Fermi points, pF = arccos (ℏγ
z
sBz/J⊥),
and dene the Fermi veloity v = J⊥ sin (pF ). The result
is that H
xy
an be re-written as a free bosoni Hamilto-
nian. In this language, it is straighforward to evaluate the
pseudo-spin orrelation funtion at zero temperature[17℄
〈
Szj (τ)S
z
0 (0
〉
=
1
2π2
x2 − (vτ)2
(x2 + (vτ)2)2
cos(2pKx)
2π2
1
x2 + (vτ)2
, (5)
where τ is the imaginary time, x = a0j and a0 ≈ 4.4Å is
the lattie spaing.
For a suiently large magneti eld (Bz ≫ 0.1T),
T−11 is given by[18℄
T−11 =
1
2
∫ ∞
−∞
dt′ 〈H⊥(t)H⊥(t+ t′)〉 e−iω0t
′
, (6)
where, if we fous in the regime desribed by Eq. (4), we
dened
ω0 = γNBz,
H⊥ =
√
2d˜
(
σz
−1 − σz1
)
.
An equivalent expression for T2 is obtained when we
math the results of a random phase approximation
(RPA) alulation for the transverse sueptibility with
the solution of the Boh's equations[19℄. Using Eq. (5)
into Eq. (6) or the RPA result, we evaluate the zero tem-
perature deoherene rates due to the pseudo-spins as
T−11 = T
−1
2 ≅ 8π
−1γN
(
ℏd˜γzs
)2
B3zJ
−4
⊥
. (7)
The unusual dependene of the relaxation time with the
magneti eld, saling like B3z , an be used to assert
Eq. (3-4). Finally, an applied transverse eletri eld
(Ex,y 6= 0) an be used to open a gap in the pseudo-spin
spetrum. This further isolates the qubit by quenhing
the pseudo-spins magneti moments, and therefore, even
smaller values of T−11,2 an be ahieved.
In general, nulear spins interating with a gapless spin
hain would have super-ohmi dissipation. However, the
hyperne Hamiltonian, Eq. (4), that we derive depends
exlusively on the z omponent of the pseudo-spins. This
restrited dipolar interation implies an ohmi dissipa-
tion. We emphasize that this is somewhat unique fea-
ture of pseudo-spins. If Eq. (4) would have ip-op
terms, then the transverse orrelations of the spseudo-
spins would imply a super-ohmi behavior.
B. Constrution of quantum gates
Now that we have studied the single qubit problem,
we turn our attention to the qubit-qubit interation. We
fous in the regime desribed by Eq. (4) beause it is the
most favorable for QC. Consider a seond F atom along
the hain as shown in Fig. (2). By integrating out the
4d~ d~
PrPr Pr
F
d
d~ d~
PrPr Pr
F
d
Figure 2: Interation between two nulear spins of F ions is
mediated by the pseudo-spin hain of Pr. d and d˜ are the
strength of the hyperne oupling dened in Eq. (3).
σ-spins we obtain a retarded interation between the two
nulei. This is very similar to the RKKY interation, but
mediated by the pseudo-spins [20℄.
Exatally as in the RKKY problem, the F nulear
spins have a muh slower dynamis than the pseudo-spins
(γNBz ≪ J⊥/ℏ). Therefore, it is reasonable to onsider
an instantaneous approximation to the interation. At
zero temperature, we use Eq. (5) to alulate its form.
For the RKKY, nite temperature orretions are usu-
ally irrelevant beause the Fermi energy is muh larger
than the temperatures under onsideration. However,
in the pseudo-spin hain we are assuming temperatures
only one order of magnitude smaller than J⊥. We an
easily re-write the zero temperature orrelation funtion,
Eq. (5), in its nite temperature form by using the on-
formal invariane of the XY model [21℄. The nal result
is the eetive interation between to qubits
H
e
≅ fzzI
z
1 I
z
2 + fyz (I
y
1 I
z
2 + I
z
1 I
y
2 ) + fyyI
y
1 I
y
2 , (8)
where we have dened the nulear exhange ouplings
fzz = d
2G (∆x) − dd˜ [G (∆x− 1) +G (∆x+ 1)]
+ d˜2 [2G (∆x) +G (∆x+ 2) +G (∆x− 2)] ,
fyz =
√
2
{
dd˜ [G (∆x− 1)−G (∆x+ 1)]
+ d˜2 [G (∆x+ 2)−G (∆x− 2)]
}
,
fyy = 2d˜
2 [2G (∆x)−G (∆x+ 2)−G (∆x− 2)] .
G(∆x) is the nite temperature pseudo-spin propagator
given by
G (∆x) ≅
1− cos (2pF∆x)
2π2v3β2
[
sinh
(
∆x
vβ
)]−2
, (9)
where ∆x is the distane between qubits in units of
lattie spaing a0 and β = 1/ (kBT ). For distanes
smaller than the thermal oherene length, ξT = vβ,
the interation deays as a power law, G (∆x) ≅ (1 −
cos [2pF∆x])/(2π
2v∆x2), leading to long range intera-
tion between qubits. It is also interesting to onsider the
onsequenes of applying transverse eletri elds. Sine
the pseudo-spin propagator aquires a gap, there is an ad-
ditional exponential deay in Eq. (8) whih is a funtion
of E(x,y). Thus, we an use transverse elds to swith on
and o the interation between qubits.
Equation (8) is a two-qubit gate. In onjuntion with
the possibility to perform arbitrary rotations, it gen-
erates a omplete set of quantum gates [6℄. The in-
verse of the gate operation time is given by T−1G (∆x) =
ℏ−1min (|fzz| , |fyz|). In order to ompare TG with T1,2
we onsider a partiular ase. Take Bz ≈ 2T and a tem-
perature T = 0.1K, so that the pseudo-spin hain is par-
tially polarized. Low temperature orretions to Eq. (7)
are very small, and we use it as an upper bound esti-
mate to the deoherene times, T−11,2 ∼ 10−2s-1. These
values are muh smaller than the rates in PrBr
3
due to
three fats: the absene of quadrupolar eets, the redu-
tion of pseudo-spin utuation in τ0,1 and the assump-
tion of deoupling. Two qubits separated by 13Å have
TG (3) ∼ 10−1s, thus leading to a quantum gate at the
edge of the error orretion threshold of 10−4 [3, 22℄.
Another important aspet of Eqs. (2) and (3) is that
several dierent gates an be onstruted as a funtion
of the magneti eld Bz , the resonane frequenies ω∆,∆¯
and the eletri elds Ex,z. For instane, the pseudo-spin
propagator, Eq. (9), has an osillatory behavior with Bz.
This an be used to hange the relative strength of f
ij
in
Eq. (8). In order to make this point lear, we now pause
and onsider a onrete example.
One of the most simple quantum iruits is the one that
reates entangle pairs of qubits (Bell's states). From the
quantum-logi perspetive, this is aomplished by the
use of a Hadamard gate follow by a CNOT gate [23℄.
Sine the prodution of entangle pairs is fundamental to
perform quantum omputation and quantum omunia-
tion, this straightforward iruit is a onerstone in any
design. The key element here is the CNOT gate.It is a
two qubit gate and, onsequently its implementation de-
pends upon the avaiable interation. In liquid state NMR
the strongest omponent in the Hamiltonian that a pair
of qubits is subjeted is [3℄
Hz ∼= JIz1 Iz2 . (10)
This Hamiltonian an also be approximated by Eq. (8).
For the sake of argument, let us assume two F atoms
separated by four lattie sites (∼ 18Å). In addition, let
us onsider the external onditions that we onsidered
before: a large Ez to freeze the pseudo-spin dynamis in
τ0,1 and T = 0.1K.
From Eq. (8) and the denition of the pseudo-spin
propagator we an plot Fig. (3), where we an see that
for Bz ∼= 1.01T the eetive oupling onstants are
fzz
d˜2
∼= 0.06,
fyz
d˜2
∼= 0.001,
fyy
d˜2
∼= 0.001.
Thus, as in liquid NMR, the strongest omponent in
the interation is given by Eq. (10). In order to produe a
a CNOT gate with this Hamiltonian in an NMR setup[3℄,
one rst apply a radio frequeny pulse to rotate I2 about
xˆ ( +zˆ goes to −yˆ). Then the spin system evolves with
Eq. (10) for a time t = πℏ/4J . Then, a seond pulse
is sent to rotate I2 by 90
◦
about the −yˆ axis. Finally,
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Figure 3: the oupling onstants fzz,fyz and fyy as a fun-
tion of the magneti eld Bz in units of d˜2 for two F atoms
separated by four lattie spaing.
an additional phase shift on both spins is used to obtain
the CNOT gate. If we add the initial Hadamard gate, it
is neessary to use a total of ve radio frequeny pulses
(one-qubit gates) and the time evolution of the Hamilto-
nian Eq. (10) .
Let us analyze another possibility. Consider the same
onditions as before, but with an external magneti eld
Bz = 2.02T . In this ase, the eetive oupling onstants
are
fzz
d˜2
∼= −0.005,
fyz
d˜2
∼= 0.0003,
fyy
d˜2
∼= −0.025.
In ontrast with the previous ase, the strongest part
of the interation is
Hy ∼= fyyIy1 Iy2 . (11)
If we allow a free evolution of the system by Eq. 11 for
a time t = πℏ/2fyy, the unitary transformation that is
implemented is:
R =


1 0 0 −i
0 1 i 0
0 i 1 0
−i 0 0 1


Ating on the omputational basis with this rotation
we automatially generate the entangled states
|β1〉 =
√
2
2
(|00〉 − i |11〉) ,
|β2〉 =
√
2
2
(|01〉+ i |10〉) ,
|β3〉 =
√
2
2
(|01〉 − i |10〉) ,
|β4〉 =
√
2
2
(|00〉+ i |11〉) .
Hene, one an ne tune the experimental setup to ob-
tain a desired quantum iruit using less resoures. In the
above example, the simple tuning of the magneti eld
replae the one qubit gates on the previous setting. How-
ever, this is just one of many possible ways to ontrol the
interation Hamiltonian. A more subtle (and potentially
more interesting way) is related to the frequeny ω∆ and
ω∆¯. In presene of a gradient magneti eld they have
a site index (ℏω∆ ∼=
√
[ℏγzsB
z (~x)]
2
+∆2). Thus, one
ould at in the magneti environment of eah individual
qubit.
IV. DISCUSSION AND CONCLUSIONS
Until this point we disussed how single qubits an be
onstruted and how a pair of qubits an interat. We
now disuss how to use these building bloks in a QC.
The natural geometry is to onsider a magneti eld
gradient applied along the hain diretion. Nulei in the
same equipotential line belong to dierent opies of the
QC, and we assume that they an be periodially ar-
ranged (see below).
Initialization is a very hard problem in QCs based on
nulear spin qubits. However, there are some possible
solutions already available in the literature [9, 24℄. At
rst sight one ould imagine that the initialization ould
be done by optial pumping (Pound-Overhauser eet)
with the pseudo-spins, as it is done in MnF2 with ele-
troni spin. Unfortunately, the same property that gives
a lower deoherene rate than in other gapless magneti
systems hinders this option. Sine there is no ip-op
term (S+I−) in the hyperne Hamiltonian, one annot
use the pseudo-spins to pump the nulear spins. There
are two other possible hardware solutions that an be
used to solve the initialization problem. A diluted set
of magneti impurities an be used to refrigerate the
qubits. The general idea is to add a small amount of
an ion with a large magneti moment (suh as Gd re-
plaing some Pr) to the sample. This set of impurities
an be used to pump energy out of the nulear systems
and after some polarization is ahieved a suiently large
magneti eld would freeze the impurities. There are
two setbaks in this approah. Firstly, the Gd ion would
break the pseudo-spin hains and the F ions in eah
side might not interat. Seondly, virtual ips of the
6Gd spin ould introdue an additional deoherene han-
nel. The seond hardware solution is based on the fat
that the rystals an be grown on a semiondutor sub-
strate. By exiting the eletron gas in the semiondutor,
it is possible to use ross-polarization-oherent transfer
tehniques. The latter is the solution found in ref. [9℄
to the initialization proedure in a QC based on 1-d or-
gani moleules. Finally, if only partial polarization is
obtained by one of the hardware methods ited above,
the Shulman-Vazirani proedure[24℄ an be used as a
software method to initialize the state.
The nal element in a QC design is the read-out meh-
anism. All QCs based on NMR of impurities have the
ommon problem of low signal due to the small density
of qubit opies. However, nulear polarization an in-
rease onsiderably the NMR sensitivity. In this ase,
the read-out of a qubit with only 1012 opies is possible
with urrent NMR tehnology [9℄.
There are some relevant experimental questions that
are open and an foster new theoretial work. In the rst
plae, the simplest way to produe rystals of a salt suh
as PrBr3−xFx is through dehydration of a liquid solution
[25℄. This straightforward proess reates samples with
the F ions in random positions. Although this is su-
ient to infer our results for a single qubit, further devel-
opments in ioni rystal growth should be aomplished
before the full range of possibilities that we disuss an
be experimentally studied. One possible researh avenue
is a moleular-beam epitaxial growth (MBEG). MBEG is
a well established tehnique in semi-ondutors and met-
als. Although from a historial perspetive the growth
of ioni rystals is an old eld, the tehnology is muh
less mature. Nevertheless, it shows unique harater-
istis that are worth exploring [26, 27, 28℄. The most
interesting feature is that the inoming moleule has a
very weak bound with the surfae terrae and strong
bounding to the ledge. This an be simply understood
in eletrostati terms, and as a onsequene, leads to
a large surfae diusion until the moleule reahes the
ledge. We speulate that this fat an be used to ob-
tain a higher degree of ontrol in the impurity plaement
than in any other kind of material. Another interesting
harateristi is that large lattie mists are also allowed
in the growth of layers. Thus, it is natural to propose
experiments with a rystal omposed of a super-lattie
of PrBr3 and layers of PrBr2F . This setup is feasible
with the urrent tehnology and many of our results for
the qubit-qubit interation an be experimentally tested.
Another possibility is a super-lattie of PrBr3 with lay-
ers of PrF3, however the large lattie mist will probably
prevent the layer growth[28℄. A nal remark is that ioni
rystals grow well on semi-ondutors surfaes. This has
two main onsequenes: 1) the semionduting substrate
an be integrated in other quantum omputer shemes
(similar to Si/P proposals) and with urrent eletronis,
2) a semi-ondutor substrate an be used to initialize
the quantum omputer by optial pumping as we argued
above.
There isa another issue that is ommon to all solid
state NMR designs: it is unlikely that perfet deoupling
an be ahieved. Therefore, the experimental value of
T2 is potentially smaller than the predition of Eq. (7).
Although we are probably overestimating T2, we are also
underestimating the gate time TG. In order to derive
Eq. (3), we assumed an spei form to the hyperne in-
teration. Following the experimental results in PrBr3
and PrCl3, we assumed that the dipolar part is the most
relevant omponent in the hyperne Hamiltonian. This
onlusion arises from the hypothesis that the hemial
bound is truly ioni. In general there are some ova-
lent omponents to the bound and this leads to a muh
stronger interation with the eletroni moments of adja-
ent ions. For instane, this is preiselly what happens in
MnF2 [12, 29℄. Whereas our hypothesis is based on the
experimental fats in PrBr
3
[11, 14, 16℄, a thorough ex-
perimental study should be done to assert the hyperne
Hamiltonian.
In summary, we showed how a non-Kramers ioni rys-
tal has unique properties that an be exploited in a solid
state NMR QC. We propose that hemial substitutions
in suh system an be used to enode quantum informa-
tion and, at the same time, break the spatial symmetries.
This ontrollable symmetry-breaking an be used to at
loally in the magneti environment of the qubit, thus,
having important onsequenes to deoherene and the
onstrution of quantum gates. We based our disussion
in a well known family of materials. However, the general
priniple that we put forward an be applied in a muh
broader ontext. In PrBr
3-x
F
x
, we showed that a QC
based on our ideas is salable, the deoherene rates are
low, the interations between qubits an be long ranged
and the qubits an be individually aessed with moder-
ate magneti eld gradients.
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